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T O  v a l i d a t e  flight loads prdictic)ns, a ]Ilc)f.la] test js

r e q u i r e d  to verify the structural clynamic model of a

spac~craft used in loads analyses. I’radjtional]y, n,~da]
testil~g (, fsht~t[lc }>ayloads is]>crforl~~ed t~riththcpayload

itt its fixed-base configuration, i.e.,  constraining all the
l,ayl(,ad/c)rl>  i!crintcrfacc dcgrecs of fjecdc)~i\. I%actically,

the fixed boundary conditions arv  quite difficult to achieve

W’iib, ]algc altd wiassive p a y l o a d s ,  s u c h  as the Shuttk’

ln~aginSKadar-C.  7’}~isle.~ds  tot}lrco~~sidcratic)rlo ftcstillg

payloads in a free-free configuration, or other alternatives.

In this paper, it will  bcshow~~al~alytically  how free-frw

modes and residual flexibility data can  be adrquatc to
charactmizcthc  significant fixccl-base moclcs.  As a result,

tlw fixed-base lnodcs  can bc verified indirectly from the

~rlc.~s~lrcll~et~ tsoffli,efrm ~]l(}desa)ld m’sid~~al flcxil,ility.

NCJMFNC’IAI’U[W

1, Ihrl’l<OI)LJC-l’loN”

l’o validate flight loads prcdictio]is, the fidelity of a

payload’s structural dynamic mmic]  LISC>d in comf,utit~g

ascent and l a n d i n g  loads ]lcccts  to be wrificd. ‘MC

verification process rcquirm a modal surwy test of the

physical strLlcturc  at\dsLI~~scqLlcl\ tl\lC)dclc [>r]cs~ati[>ll\  %,ith

test data.

I’raditional]y, nlocia]  tcstins of  a s h u t t l e  pay]o?d i s

pcrfor-mcd t~’ith the payload in its fixed-hasc confi~uration,

i o., constraining all the payload/orbiter intcrfacc dcgrcvs

of freedom, I’o pro}wr]y  achicw t h i s  set of twunclar!,

conditions, thQ paykmd  \\’ill km s~lppork.i on a risid fixlurr
~i’l~ich hasl~() ~l~(>dc,sir~ tFlefreqL]e[~cy r;tt~:,e ofil)tclcst. I’he

f i x t u r e  m u s t  bc fixed  to a rcinforccci floor for whiclt

dcfoTnlations  do not interfere ~vith the poylwrd  mmics.

Also, t}te})ay]c,ad/fi  xtLlrc i)ttc)rfacc }~astc) l,cid(lltical, or
silni]ar, to the ]myloaci/cJrbitcr  intrlfacc. h’o ~ap or

friction  is  alluw’cct sirlcc  these I\’ill ililloducc an]}>lituci,~

Cic]wndclll  non-lincnlity.

I)rac Lically, in manycascs, it is not p(v-sibleto  co:lci~)ct  a
tl uly fix{d-baw  tc5t clur  to cou}]lillS t~,tlvcm( the tc:.t at tick

arid  t h e  fixtllrc, rsfmcial]y vt’ith lar~, e a~lcl ~n~ssii’r

}m)lc)acls, sLIch as the Shuttle lnla~illg l<adar-(1 (SII<-C’).  in
addition, it is of[en  difficlllt  to accurately siltlulatc the

actual  bmlndary constraints, and the cost  of dcsip)nil~: and
c~}nstruciing t}~e fixture r]]ay be },lo!lil~iti~,c [1 ]. ‘1 his lc;i(is

10 the cot~sidcv ation of altv)  l]ati~’e lnodal test lnvihods,

illcludilt~: tcstins sl]uttlc }myloads in a  fICL-fILC.

configuratio~l  using tllc  rmi(iual flcxil,ili[y  tcchlliql:c [?,3].

‘1’he rcsidua] flcxil]ility a]lp]t)acll ]Ias lK’L,J, Ir,;,lmj

atlaly tic ally i n  corisi(lcrablc d(:fiil. 1 Iov,c\LI, i[~
a}>~)]icati~jtl as a test  lilcIJ)od is qtli{,: lililit~c! [.!,5],

III ,a fILwf]Lw  test, I,(si(lcs  IJIIaSIIIi II,; f)(.-fi,<, III(IL;. . . . (},,,



payloact/orbiter intcrfacc region nerds 10 bc test-veriiid

as well.  ‘l”his can be done by exciting directly each  of the

inter  fact atlach dqqrws c)f freedom and extracting residual

flexibility mode sha}ws  from the I~r,>qml\cy Response

l’llrlc{i(}rlstllcasurcti.  “f’}lc})Llr~x)sc  oftl\cl~lc’scllt  },a},cr is to

s}iow analytically how’ free-free Jllodes ancl residual

flexibility data can bc, adequate to character ize  the
sig Jlificarlt  fixed-base modes. Asa rmult, the fixed-base

Jltcdcs  cank\’cl ifiedit~dircLtily  frcj~ll t}lcrllcasllrcrtlcrlts  c)f
f] cwfl cc lnodcs  aJd residual flcwibilit y.

hlotc  that  dj~~ dcllo!es  t}lctrans}~c)scc]f d>~l,  ‘l”hcvalLlcs m,

arc the free-flee natural frequcvtcics of the s t ructure ,

Second, the fixed-krsc IIIOCICIS of the systmn,  w’]lich ~,:ill
denote  q’$,, forln  a rcctan~ular matrix which is zero at t}lc

ir~tct [ace cicgrcm  of f! ccdmn, a])cl for which

‘ 1 ’ h e r e  a r c  t w o  steps invc)]vcd  in c)ur Jrtathc]natica]

approach for verifying constrained mc)clm using freefrm

modal  test data. First, a set of target frcw([ct  niodcs is
selected which will bc cor~c]atcd  to test nwasLlrcJ)\crlts.

$kond, a fn~e- frm rcd  ucu-i tnodcl,  using  on] y SCICT{  cxi t argct

m o d e s  a n d  rcsiciual f l e x i b i l i t y ,  i s  c o n s t r a i n e d

Jnathcmatical]y  tc) gcncv-ate  f ixed-base  ~nc)dcs. I’hcsc

dcr ived fixed-base modes arc then coJnparcd to those

computed ciirwlly  from  thr full finite  clctilmlt  mocicl, If the

rmultin$ fimd-base fK’qUCJICiCT  arid mode  s}lapm agree, the

Str LICtllral dyJ~an(ic model is collsidmeci  kst-verified ill iis

constrai Jwd coJ~figuration.

i n  tho  follcr~~’ing  sc@ic)ns, each s tep of the f~roposwd
rnathmnatical  approach is described in ddail and the

governing equations arc discussed. ‘1’hc ~ncthc)d is thcrl

applied to the prc-test nmdcl of the SIR-C payload. A

co]nparisc)rl  of t}lc fixed-basL~ ]t~ocics dcrivL>d fl o~i~ frcwfrcc

“kxt”  data and those f~orn the full finite  cleJnclit  n“irrciel is

alscr ]mvmltcd.

2. Sl:[ ,I:C-”1’ION  OF ‘I”ARGI; 1’ 1’1;}1:-1:]<1;1:,  MOI)I:S

2.1 MatltcJnatical  l:orrriulatiol~

c’onsidcr a  ful l  f in i te  clc,n~cnt ~nodc], dcsc[ibcd t,y a
]Jhysical  Jnass  matrix  Mgg and a s t i f f n e s s  m a t r i x  KL~.

Assortw  that the interface dc~iccs of frcrcionl are not )@

Corlslr.lined.

I’hc  values o. are the fimd-base natt~ral  frcqucncics of the

str’Llctum~.  }Dor’  both  sets  of lnodcs, fire, assllrrlC t}lc fLl]l s~t c~f

moLim, even though  a]] of the ntcrdes  arc not usual!y
IX): Il}lLliLk~.

Ilccausc the  matr ix  d)~l is sc]Lla Je aJld ir[vmtib]e, it is

]mssible  to express any vector x~ as a line3r  colnbinatiorr

c)f the colun}]~s  of d)tl. in particL~lar, t}w fixwi-l>asc rnocie

sha]~es caJ~ be ~vritten as

for Sorlm ]Ilah ix I“L,. in fact, we can find an Cxprcxsion  for
I“L, by prernulti~,]ying  equation (.5) by d,lf hf~c , and Llsing

equation (1):

(6)

“ i ’ b u s ,  J’L, is s i m p l y  the crc)ss-(~rthc)~orlality  ~}rociuct

bet l~wm tile frcv free a ml fixed-base Jnodcs  of tl,r St r [Ict Llr,l,
S i n c e  bet]]  sets of rllocics  shapm arc l)~ass-J~or-rllali~o(j,
clearly  tllc  valws I’L, ]nust  liebct~vml -1 an(i 1.

I<cfcrring  hack to equation (5), it  can be seen that the
rela t ive  size of c(ach term of I’Lt i5 an iJldicalion of tile

,.
lrnporlancc of ftec-frm rnc)clc Z in dcscribinc fi>:mi-base
JrlOdC s. blow  prcvnoltif>ly  cquatioli  (5) by V’,,$ hft$, altci

L]sc lX{LlatiOJIS (3) and  (6) to sitll~,lify:

1,,, = I“,,I’  L,. (2)



):.1-:, = 1. (8)
I

I’hcvcfore,  nc)! o n l y  arc the crc)ss-ol-thogclnality  Twlucs

i n d i c a t o r s  o f  tlic iniprrltance of free-free lJtc)cicS in

rcf>rcsenting  the fixed-base modes, but the surr~ c)f the

squaresc~f  tllecloss-c>rillcjgc)  ]lality  tcrlns for a given  fixecl-

t,as.c ntc~clc must bc equal to 1. I’his  is true only if all c)f the

fw~-fiti’  rt~dcsarc ir~cltld~d it~thcstll~~.  Fcwanysubsclc)f

the fmc.frm ]mrlcs, the sum will t,c so~~mlhitlg lCSS than

unity.

‘this n~athcmatical  excrcisc leads  to  an  approach fc)r

deterll~ining  target  free frw rnodm I“hc CIOSS-01  lhc>gona]ity

]na[rix  between free-free and fixwi-base n]cdes is first

coml)uteci,  then importance is assigned to each free-free

n~cKIe bawd on its rclatiw contributic)n to the sum in

cquaticm( 8). ~c)ranywlm”ti(inc~ftargct  frcr-frcemodes,  the

p a r t i a l  suIn  over those moclcs  is an indication of the

cwn}]lelcmcw c~f the W for ciw.cribing any fixmi-base  mode.

2,2 A1~}]licatioll  to S1[<-C

3’o illustrate the mathematical a[,proach dcscribcd above,

the analysis performed to select a set of free-free target

]Nodcs for the S] I<-Cslructurc, using thcprc-tmt rnodc],  is

describmt  hcmin.

‘J”hccr(>ss-orlho~  c)naliL}~rl~atrix  1-,,, wascc,mpuicd for18S

fimi-base modes up to 90 I 17, and 195 free-fl LT mocics up to

9011z.  I'cJrcach  cJfthcfirst 20fix~5-basc ]~~c)dcs (ider~tificd
as sj~nifjcar]! ni{ties),  the sum of cqcration  (8) \\’cIs COIllIIUtRC

stcybyskpascach  frm-frc~e rnocic was adcicd  to the SUTN.

“1’)lcr,~s~lltsarepl(>ttcd  il~}igtlrcsl  a(fixod-llascl r~odesl -

10):indlt)(rl~odc%ll-20).  Asl,r&lictcd k,yt}~c collation,  tkle

tc)tal a]q)rimchcs]. AlthrruSh  it isrl(Jt  ob\~i[]~ls fr.)rllt}~csc

fj$LllC’S,  each of the first 28 frcefrw rncdes is si~ni(icant  to

at least orw of the first 20 fixed-base rncdes. IJegirlning

with free-free mode number 29, the si~nificance is nlLlch

slnaller. I’lwone  exception is frc~c-ftcc ]I]cxic rlulrlbcr  62,

u’hichisvcry  si~nificani for fixc.d-t>ase n-lc)dc ?O(circ-l(,sc]I~

I ‘igurc’ lb).

Jlnsc.30rt  tl~isstLldy,  it\\’as dctcr]rlirlcJd that theta r:,ctftcc-

fr(c’1tlm3ess }loLlldl)c’l ilodes I throu~h?fl,  and n]ode  6?,

Note thal  the first c>lwcn free-fl~’c rnodm  arc, ri$id  body  or

irlk,rnal  rm,chanisln  lnorics,  and can be collsidcrmi  to }Ia\’e

flclfm[ly k n o w n  rnoc]e shopcs (cicicrlnillm.1  c>nly b y

j;L\II,,(tty),  "l'll{.l( [(,rc,,t}  lcrc, tlrc,[,l,l),l8,:l:l:tictC!r$clrl,,):lt,5

(IIKXIL’S12 tlllm@ ?fi and rnodr 6?).

In addition to the tar~,et  free-free ll~c~dcs, the res idual

flexibility n~c)dc shapes will  bc rmasur~’d  as WCII usin~ the’
I-rcqucncy lksponsc Fonctic)ns  rncasurcci fl-clln direct

excitation of each of the intmface attach ch+ym of frccdc~m.
I;ach rc’sidua] flc’xibility mode shape> is a combination of all

of the  non-targy-t fr(w-fr~w modes.

I“igurc 2 S} ICJWS  the total clbtaincd in ecluation (8) when the
sum is takcmo\’crall  of thetargcd  free’-fr~>cn~odes]>l~lsthe

residual ftcxibility  modes. Ikch fixdd-base mode has its

crvm result, which is bctwccn O and 1. ~’his figure show

that the first 20 fixed-base rnodcs are irldcwl a lmost

coIl~}~lc’tclyd cscribc~db ythctarSct set. l:i~,ure 3 sholvs  the

sarl”lc rcscr]ts,  but l)lot ted  as a function clf effective n]ass

rather than  nmcicnutlibcr.  ‘J’hisfigL1rc  clurl\ol~stratcs  that all

o f  t h e  m o d e s  wit}l  e f f e c t i v e  m a s s  g l - c a t e r  t h a n
a]][,ro>:illlatc] y3TOc)ftllc  total  rnassarc~vc.11 l~,i~r~~scr~tc~cil>y

the target SC1  toScthcr  \vith  rc’sidua] flexi~)i]ity.

I’hc  or thc%o!~lity coefficient study dcscribcd in the

prcviclus  section is uscfu~ for dcwcloping  the set of tar~ct

free-free modes. “1’hc results do ]Iot conclusi\cly

dcvnoristrate  the  adequacy of the tar~ct n~c}dcs, ho~~rcvcr.

I’his section describes the steps taken  to show that t}w frcc-

ftec model is equivalcmt to the  tixwi-base lnocie].

3,] hfat}~ctnatical  lb~tnulation

It \vas shcl\\rn that a miuceci ecluaticln  c)f ~notion cari be

M’rittcm using Io}t’-fmqucrlcy  frcwf]w lIIodm  and  rcsiclual

flexibility s}m~ws I

rnmtal  coordilmtcs

[ 1{ }“1/, O  - ji,

(t Inii ii

]. “1’lw rc;luccd equatiol] of nlotion  ill



l’hysical  coordilla!es, ‘g, arc then obtained from moclal

morciinate$  by the equation

(10)

I’his matrix is obtained by sollrirlg  the cigcllvaluc  probkw
for ~f,, am-i ~,,. ‘1’hcm the fiwxi-base frequencies prcctic~cd

k,y C(JnstTair]ing the frL’c-frc’c rnodc]  a r c  rot. }~urlhc,r,  thL.

p]edicteci  fixed-base Jnoctc shape’s at p}lysiral  cicgrc’cs of

fl Moll]. 1 ~$ , arc  obtained by applying Cqualioll  (J 6):

l’o cstabiish  a relaticmship  bclwcm the frcwfrcc mc)del and

a fixrd-base model, wc will  LISC cquatiolis  (9) and (10) to

predict fixed-base n~odes. From  cquatic]n  (10) we can

exf>rc,ss displacmmn~s  at the inkrface dcgrcm of frvc\3rrn~  as

(11)

C’onstlain  the intcrfam by se t t ing  xi= O. One way to

enforce this constraint is by c]inlinatin,q the residual

flexibility ccmrdinates.  This rcquircs

Substituting this equation into equatiolt (9), \vcobtairl  the

colistraimxi  cxpmiion of motion:

ri,lji,  + rt,,pl: o, (13)

whcvc

~1,1= 1,, + d~,,f@)iiA’~ilcIli,; (14.1)

3’}icsc “Co~]straincd”  n~ass and stiffness matrices are no

longer  diagonal. In the cons t ra ined ]nc,clcl, p}lysiral

ciis~,laccmmlts  ar~’ obtained as

(16)

Nlotc that thr constrained mass allci stiffness lnatriccs

de~>crld or,]yc)ll  t}lcir~tc’rface ~~ar[itic)t~ ]<ii ofthcrcsidua]

flcwibility  lnalrix. l’hcresiciual flcxil~ility  atc)thcrctc~recs

c] ffrcedcJrl~ irlthcll~c)del  clomnot  affect  t}~csc~~~atliccs,ancl

hmlce  has no inflmncc’  OJ) the p~cdic{cci fixed-base nalur,al

flcqmmcim.  'l'hc']~rc`dic[ cd~t~()dc sha]~c,, }~o\+'c'\'cr,  dr1>cnds
c~n the fu?l rcsici~lai flexibility s} Ia}r, as sewn irl equation

(18).



fmqucmcy shift  is quite small. 5. ACKNT[)\V[  I; IX;h411NI

.

Ilascci on the above results, it is clcnjcrnstratccl  that the The  wwrk described herein was conducted by the Jet

SAXICKI t,argct fmc-free modes plus residual flexibility will l’repulsion Laboratory, California lns{itutc  of I“cchnology,

be sufficient to pr-cdici the first 20 fixed-base modes up to under  cont rac t  \\’ith  hlational  Acmnautics  and  Space

25 11~.  range. Administration.

4. C’ONCl  ,USDNS 6. RFF:l’I<ENCF.S

An analytical approach was dcvclopcd to demonstrate the

mathematical basis for verifying constrained modes using

free-fl cc modal test data. l“hcrt arc two steps involvcci  in

this approach. }irst, a set of target frcefrcw modes is
selected  based on the cross-orihogc]n a]it y mat]  ix bet wren

freeflec and fixed-base tnodcs. For any selection of tar~c~t

free-free tnocfcs, the con~plc[mwss  of the set  for describing

any fixed-base mode is checked. Second, the free-frm

reduced analytical nmdel,u singcmlywlcctcd  target ~nodcs

and residual flexibility, is constrained n~athmnaticaltyto

gmmate fixed-base modm. ‘1’hesc derived fixed-baw modes

arc then compared to thcm computed directly fmm the full

finite Clcnmlt nmdcl.

‘l’his approach was applied to the prc-test rnodcl  of the

Sl~-~ shLltt]c  p a y l o a d . I’hc  results s h o w e d  a  goc,d
prediction of thr first 20 fixed-base rnodrs up to 25 IIz

range using 29 target free-free rnodcs plLIs 12 residual

flexibility shapes. I“his indicates that the free-frm nlodal

rcf>rcscntaticm  of the structure is equivalent to the fixed -

basc rcymwmtation of the model for the significant fixccl-

basc modes up to 25 JIz. range. So, t,y measuring and

c o r r e l a t i n g  the target frm-frcw modes a n d  r e s i d u a l

flexil,ility,  \\’cs}~otlld  }la\?ca }lighdegrec c) fcc,)~fidcr~ccin

t}w fixcxl-base modes  of the corl elated  moclcl.
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Tal,!e 1, Comparison of Fixed-Base Mode Frequencies
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